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Abstract—Recent technological developments in magnetic
resonance imaging (MRI) and stereotactic techniques have
significantly improved surgical outcomes. Despite the advan-
tages offered by the conventional MRI-guided stereotactic
neurosurgery, the robotic-assisted stereotactic approach has
potential to further improve the safety and accuracy of
neurosurgeries. This review aims to provide an update on the
potential and continued growth of the MRI-guided stereo-
tactic neurosurgical techniques by describing the state of the
art in MR conditional stereotactic devices including manual
and robotic-assisted. The paper also presents a detailed
overview of MRI-guided stereotactic devices, MR condi-
tional actuators and encoders used in MR conditional
robotic-assisted stereotactic devices. The review concludes
with several research challenges and future perspectives,
including actuator and sensor technique, MR image guid-
ance, and robot design issues.

Keywords—Stereotactic neurosurgery, Medical robot, MR
conditional, Image-guided therapy.

INTRODUCTION

Stereotactic neurosurgery is a minimally invasive
surgical procedure that uses 3-dimensional image
guidance techniques and tools to assist surgeons in the
localization of surgical targets in the brain. The first
experimental stereotactic neurosurgery employed an
orthogonal frame to insert an electrode into the cere-
bellum of an animal.?' After 40 years, utilizing a cus-
tom-designed stereotactic apparatus, stereotactic
thermocoagulation in thalamus was performed on a
human.®® In 1949, Lars Leksell developed an arc-ra-
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dius stereotactic frame system with skull pin fixation; a
system that’s still widely used today.>*

In the early years of stereotactic neurosurgery,
visualization of structures within the brain was a major
challenge.*! The advent of computed tomography (CT)
in the 1970s provided substantial improvements in the
visualization of intracranial structures. In addition, the
advances in mathematics and physics enabled accurate,
efficient and safe stereotactic treatment, which led to
clinical acceptance by the surgeons.

Surgeons and engineers continued to refine the
existing designs and stereotactic methods to improve
the outcome of stereotactic neurosurgeries. Magnetic
resonance imaging (MRI), invented in the late 1970s,
provided even more spatial resolution of visible
structures within the brain.®* The current stereotactic
neurosurgery techniques consist of three basic com-
ponents: stereotactic equipment, anatomic knowledge,
and image guidance. Modern stereotactic neurosurgery
utilizes preoperative CT/MRI to identify targets and
calculate the desired linear trajectory to reach the
target. Stereotactic neurosurgery is currently used in a
myriad of procedures including electrode implantation,
deliver ablative energy, brain tumor resection, etc.

Integration of minimally invasive robotics in neu-
rosurgery improves precision and dexterity. These ro-
botics could also benefit from the advantages of brain
tissue deformation compensation capability (both
whole brain tissue®® and local brain tissue®) achieved
by using the intraoperative image fusion. In addition,
robotics also facilitates achieving higher level control
constraints such as maximum spatial displacement and
speed, to enhance safety. The first robotic neuro-
surgery was performed in 1985, which utilized an
industrial robot (PUMA 200) to hold a stereotactic
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biopsy needle under CT-guidance.*’ Following this
pioneering work, a number of robots were developed
for neurosurgery, including the Minerva system,”’
CyberKnife,! Robot-Assisted Microsurgical System
(RAMS),” SteadyHand,”* Evolution 1, Neu-
roMate,”® NeuRobot,40 Pathﬁnder,24 SpinAssist,57 and
Neuroscience Institute Surgical System (NISS).* Fig-
ure 1 outlines the major technological milestones in the
robotic-assisted stereotactic neurosurgery.

Apart from aforementioned CT-guided stereotactic
robots, Masamune et al., reported an MR conditional
(definition of MR conditional is provided in
“Terminology” section) robot to perform biopsies.®!
MRI provides excellent soft tissue resolution and
superior image contrast without any radiation expo-
sure. MRI could localize lesions that are not visible in
CT images. Moreover, MRI has the intrinsic capability
to visualize temperature at a target region that can be
used to monitor ablation therapy.?’

Despite these clinical advantages, implementation of
MR-guided neurosurgery remains a technical chal-
lenge. The confined in-bore space of MRI scanners
creates limited. In addition, MRI scanners produce
strong magnetic fields and preclude the use of ferro-
and para-magnetic materials. Electromagnetic inter-
ference (EMI) generated from the conventional surgi-
cal devices can also degrade MR image quality.®
Radio frequency energy produced by the scanner can
cause unsafe heating of surgical tools. As a result,
overcoming the design and implementation challenges
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associated with MR conditional stereotactic devices
are of paramount importance for MRI-guided stereo-
tactic neurosurgery.

In this paper, we review the state of art MR con-
ditional stereotactic neurosurgical devices. The paper
is arranged as follows. Section State-of-the-Art
Neurosurgical Stereotactic Devices” presents the state-
of-art review of the MR conditional stereotactic de-
vices classified according to their functions. Sec-
tion ““Actuator and Sensor of MR Conditional Robot”
describes MR conditional actuators and sensing tech-
nologies available for neurosurgical robots, followed
by future directions in “Future perspectives” section,
and conclusions in “Conclusions’ section, respectively.

Terminology

Due to the widespread use of MR scanner, the U.S.
Food and Drug Administration (FDA) defined the
following terminology to clarify medical devices that
can be used inside the MR room in 1997 and revised
the terminology in 2005. The first terminologies pro-
posed in 1997, MR safe and MR compatible, are
commonly used incorrectly since they were used with-
out listing the detailed specific conditions, forming an
impression that the device is MR safe/compatible in all
the environments. The new terminologies proposed by
American Society for Testing and Materials (ASTM)
in 2005 and recognized by the FDA are defined as
follows™:

018, MR safe
2009, NISs  nheedle guidance robot
2008, neuroArm 2016, MERLIN
2006, NeuroMate 2015, WPI robot
2006, Pathfinder .
2006, SpinAssist
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FIGURE 1. Some of the key technological breakthroughs in robotic-assisted stereotactic neurosurgerxé Y-axis is the imaging
(

modalities for image guided therapies (a: X-ray; b: CT; c: MRI). Image of (d) PUMA robot,*® (e) NeuroMate,

f) NISS,? (g) Evolution

1,'°2 (h) neuroArm (Courtesy of neuroArm Project, at University of Calgary), (I) MERLIN: MRI-Enabled Robotic non-Linear

Incisionless Neurosurgery, (j) WPI neuro robot,®®
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MR safe: an object or device poses no known haz-
ards in all MRI environments.

MR conditional: an object or device that has been
demonstrated to pose no known hazards in a specified
MRI environment with specified conditions of use.

MR unsafe: an object or device that is known to
pose hazards in all MRI environments. The terms
“MR safe” and “MR unsafe” are two extremes. To be
qualified for the MR safe requirement, more scientifi-
cally based rational needs to be provided instead of test
data. Although both the prior terminology and the
latest terminology are still coexisted, we replace the
term “MR compatible” by “MR conditional” in this
review paper to avoid confusions for future readers.

STATE-OF-THE-ART NEUROSURGICAL
STEREOTACTIC DEVICES

This section reviews the manual and robotic-assisted
systems used in MRI-guided neurosurgeries according to
their clinical applications, namely laser ablation, elec-

trode implantations, biopsy, microsurgery, and aspira-
tion, etc. The key features of each system are summarized
in Table 1. Robotic platforms for neurosurgeries guided
by CT/Ultrsound/Fluoroscopy are not covered in this
review paper since these have been extensively reviewed in
a number of recent publications,>>8-80-83:101

MRI-Guided Laser Interstitial Thermal Therapy
(MRgLITT)

Image-guided laser ablation has been gaining
attention for localized treatment of neurologic disor-
ders, such as brain tumor and epilepsy resection.®® It
was proposed by Bown® in 1983 and underwent human
trial for treatment of deep-seated brain tumors in
1990.°! Thermal therapy is a treatment option for the
patients who do not qualify for surgical resection due
to target location. During thermal therapy, target tis-
sue is heated to 46°-60°, thereby producing cell death.
MRI thermography provides real-time temperature
monitoring, thus maintaining the accuracy and effec-
tiveness of MR-guided thermal therapy.®® In this sec-

TABLE 1. Summary of the state-of-the-art MR conditional stereotactic aiming systems.

Features Sources

Project Phase Group Purpose
NeuroBlate FDA ap- Monteris Thermal therapy
proved Medical
Inc.
Visualase FDA ap- Visualase Thermal therapy
proved Inc.
MERLIN Phantom Vanderbilt Thermal therapy
test
WPI robot  Phantom WPI Thermal therapy
test
SMA robot  Phantom UMD Thermal therapy
test
Nexframe FDA ap- Medtronic Electrode placement
proved Inc.
Clearpoint  FDA ap- MRI Inter- Multiple purposes: Thermal Ther-
proved ventions
Inc. ment
neuroArm  Submitted  IMRIS Inc. Microsurgery
FDA
510 K
ICH robot Phantom Vanderbilt Intracerebral hemorrhage debulk-
test ing
Biopsy ro-  Phantom Uni of Tokyo  Biopsy
bot test
Needle In vitro test JHU Multiple purpose including neuro-
guidance surgery and bone biopsy
robot

Real-time image guidance o7

Manual control

Relies on Leksell frame and cranial anchor 99
for probe targeting

Manual control

Transformenal approach
Nonlinear trajectory

Pneumatic motor actuated

8 degrees of freedom

Piezo motor actuated

Actuated by shape memory alloy

23

56
39

Real-time image guidance 86

Manual control

Intraoperative image guidance 8

apy biopsy and electrode place- In-scanner remotely manual control

Two 7-DoF robotic arms 98

1% MR conditional neurosurgical

robot tested in patient study

Ultrasonic motor actuated

Concentric tube approach

Real-time MRI guidance

Pneumatic motor actuated

High accuracy

1st MR conditional robot

Ultrasonic motor actuated

MR safe robot powered with pneumatic stepper
motor

High accuracy

Multiple purpose

61

44
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tion, we will review the state-of-the-art stereotactic
devices that are developed for MRgLITT.

NeuroBlate® System

The NeuroBlate® system (Monteris Medical Cor-
poration, Plymouth, MN) received FDA 510(k)
clearance in 2009 for brain tumor ablation treatment
(Fig. 2). The ablative energy delivery system consists of
a ¢ 3.2 mm CO, cooled laser probe integrated with a
thermal couple to provide temperature feedback. The
AXiiiS stereotactic aiming device was developed based
on the 3-RPR (rotational-prismatic-rotational) parallel
manipulator working principle, which consists of three
variable length supporting legs. Once the AXiiiS aim-
ing device is fixed to the patient’s skull with MR
conditional screws, its orientation can be modified by
loosening the clamp of each ball joint and changing the
length of each leg. To perform MRgLITT with the
NeuroBlate® system, the patient’s head is rigidly fixed
with respect to the immobilization frame throughout
the therapy using MR conditional pins. MR imaging
of the patient’s head and immobilization frame is
performed and this imaging data is used for target
localization, entry point identification, and laser probe
depth calculation. After the burr hole is created and
dura is opened at the planned entry point, the laser
probe is inserted manually through the aiming device
bore. Following MRI acquisition to verify the ablation
probe position, MR thermography images around
ablation probe tip are obtained throughout laser en-
ergy delivery to monitor the treatment outcome in real-
time.

Noteworthy features of the NeuroBlate® platform is
its ‘side-fire’ capability, which delivers the ablation
energy from the probe side. That the laser energy can
be generated from the side of ablation probe Having
this advantage could compensate the potential probe

insertion error since firing the probe in a specific
direction for long time can result in larger ablation
area in that direction. This capability avoids multiple
insertion processes occurred in the conventional ther-
apies in order to cover the large targeted ablation
zone.®® Noting that the NeuroBlate® frame can also be
integrated with a customized 3D printed aiming frame
(STarFix microTargeting™, FHC microTargeting
platform, ME, USA) for MRI-guided ablation ther-
apy.® which could results in the benefit of shortening
operation procedure time and extensive planning prior
to the surgery.

Visualase System

The Visualase® Thermal Therapy System (Visu-
alase, Houston, TX) is another commercially available
product.”” It is a portable cart consisting of the laser
energy delivery system, MR conditional laser probe
applicator, peristaltic cooling pump, and navigation/
visualization system. The pre-LITT preparation pro-
cess is similar to that of the NeuroBlate®-based
approach, including the anesthesia, target identifica-
tion, and entry point selection ezc. A stereotactic frame
is used to guide the drill at the planned entry site and
along the planned trajectory for burr hole creation
(Fig. 3). A plastic cranial anchor is then screwed to the
burr hole. The laser probe is then inserted through the
cranial anchor to the target position. The insertion
length is calculated through navigation software. The
stereotactic frame is removed after the preparatory
work is finished”® and the patient is transported to the
MR room. A surgeon controls the ablation system
remotely under intraoperative MR temperature feed-
back guidance.

A noteworthy advantage of the Visualase® system
compared to the NeuroBlate® system is that it could be
potentially faster in creating the same ablation zone.

FIGURE 2. Left: NeuroBlate® systemmounted on the patient head model inside MRI scanner.’” The surgeon operates the
handheld controller to control laser probe. Right: The AXiiiS® Stereotactic aiming device mounted on the patient’s head.
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FIGURE 3. Left: Stereteotactic placement of a plastic cranial anchor guided by Leksell frame at desired orientation for Visualase

®

based laser ablation.’® Right: Schematic diagram of the laser probe inside patient’s head (Courtesy: Medtronic Inc.).

This is due to the power of two laser probes (Power:
15 W vs. 12 W) and the directional side firing (Side-
Fire) capability of the NeuroBlate® system.®> The
potential disadvantage of the Visualase® system is the
difficulty of changing the laser probe insertion orien-
tation once the cranial anchor is threaded into the
skull. The applicator might need to be repositioned in
order to compensate for the unacceptable orientation

error.%

MERLIN

The MERLIN (MRI-Enabled Robotic non-Linear
Incisionless Neurosurgery) (Fig. 4) is a robotic system
developed in Vanderbilt University'®**”* and intended
for transforamenal ablation of hippocampus for the
treatment of epilepsy. It includes a concentric tube
delivery mechanism and a radiofrequency ablation
(RFA) probe. The concentric tube delivery system is
fabricated in helical shape to fit the long axis of the
hippocampus. Based on the corrugated diaphragm
theory, the authors developed a 2-DoF pneumatic
actuator by combining a helix-shaped bellow and a
toroid-shape bellow together. The proposed 2 DoF
MR conditional flexible fluidic actuator has the rota-
tion accuracy of 0.018 degree and translation accuracy
of 0.013 mm.” The helical concentric tube is con-
trolled and deployed in a follow-the-leader fashion to
prevent shearing surround tissue by coupling its rota-
tion and translation motion together. A custom de-
signed aiming device is used to provide the entry angle
of the docking tube, where the concentric tube is ex-
tended to reach the tail of hippocampus. The RFA
probe is deployed from the helical concentric tube tip.
The concentric tubes and RFA probe is partially re-

tracted step by step such that the whole hippocampus
can be ablated. Similar to the commercially available
systems, MERLIN is controlled remotely by a surgeon
using the intraoperative MRI guidance.

Noteworthy advantage of MERLIN is that it en-
ables nonlinear trajectory (helical shape) to reach the
hippocampus through the patient’s cheek via a natural
orifice (i.e. the foramen ovale). Preliminary phantom
study shows that the ablation zone can be well pre-
dicted based on the concentric tube robot shape and
RFA probe insertion depth.'® The robotic platform
has been tested inside a 3T MRI scanner to quantify its
MR conditionality with both T1-w and T2-w image
sequences. Phantom image signal to noise ratio (SNR)
was utilized as the main performance index and the
preliminary study show that the maximum SNR
reduction is less than 5%. MERLIN could potentially
provide a less invasive approach since no additional
hole needs to be drilled in the skull. However, more
trials need to be performed on animal/human studies
to validate the feasibility of the transforamenal
approach in the future.

WPI Neurosurgery Robot

The neurosurgery robot developed at Worcester
Polytechnic Institute®® is a piezoelectrically actuated
robotic system for MRI-guided precision conformal
ablation of brain tumors using an interstitial ultra-
sound-based thermal ablator probe. To simplify the
iterative workflow of MRI-guided interventions that
typically require moving the patient inside the scanner
for imaging and moving the patient out of the scanner
for intervention, this robot is fully-motorized with all
the required degree-of-freedom (DOF) to manipulate
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FIGURE 4. Left: Robot actuation unit and aiming device are compactly positioned with a manikin. Right: Close-up view of aiming

device and needle.

the ultrasonic ablator. The robot consists of the 5-
DOF ablator alignment and positioning module (3-
DOF Cartesian motion and 2-DoF rotational remote
center of motion) and the 3-DOF ablator driver
module (1-DOF insertion motion of the outer tube, as
known as cannula, in combination with the 2-DOF
ablator rotation and insertion motion). Since the 8-
DOF robot can be fully-operated inside the MRI
scanner bore during imaging, it has the potential to
reduce the procedure time by alleviating the iterative
imaging-intervention workflow. The free space posi-
tioning accuracy of the system is evaluated with an
optical tracking system, demonstrating the root mean
square (RMS) error of the tip position to be
.11 &£ 0.43 mm.

The ultrasonic ablator (ACOUSTx, Acoustic
MedSystems Inc., Savoy, IL, USA)**"*"7 is an inter-
stitial high intensity focused ultrasound (iHIFU) based
applicator. The ACOUSTx ablator contains 1-4
tubular ultrasound transducers with 5-11 mm length,
and is designed to be inserted within a plastic cannula.
Figure 5 depicts the exploded view of the 3-DOF
ablator driver module. A rigid cannula (component 6)
is utilized to guide the ablator into the brain, pre-
venting the ablator from bending during insertion. The
cannula is attached to the cannula guide (component
7) and inserted robotically by the linear piezoelectric
motor (component 8). The ablator is fixed to the driver
through the ablator clamp (component 5), and inserted
robotically by the linear piezoelectric directly, and ro-
tated by the rotary piezoelectric through the gears
(component 3). The insertion and rotation DOFs of
the ablator could control the position and orientation
of the directional transducers to generate a desired
ablation profile.

The feasibility of the system to perform ablator
motion control and thermal ablation treatment is val-
idated through an ex vivo tissue study. An ex vivo lamb
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brain tissue was utilized to mimic the human brain and
validate the clinical workflow of the robotic brain
tumor ablation. The experiment setup is shown in
Fig. 6 (left), and the ablator track in the lamb brain is
visualized on MR images as illustrated in Fig. 6 (right).
The red line represents for the actual US ablator seg-
mented from MRI volume images. The position and
orientation errors for the insertion are 0.5 mm and
2.0° respectively. The robot is MR conditional within
a 3T Philips Achieva scanner. The robot MR condi-
tionality was characterized by the image SNR and
maximum SNR reduction was 2.9 and 10.3% for T1-w
and T2-w scan, respectively. In addition, the image
distortion caused by the presence of robot was char-
acterized and results indicated that no image warping
was observed.®’

SMA-Actuated Neurosurgical Robot

Ho et al. presented MR conditional neurosurgical
robot to electrocauterze the tumor within brain in
2012.* The robot is constructed by a set of brass
segments with the cross-section diameter of 12 mm and
actuated by two shape memory alloy (SMA) wires
(Fig. 7). SMA has the characteristic of returning to its
original shape when heated above the transformation
temperature.”” The hollow core design on the brass
segments enables SMA wiring and electric coils for
temperature sensor data transmission. SMA mathe-
matical modeling is presented by the authors to char-
acterize the relationship between robot motion and
SMA wire temperature. The pulse-width modulation
(PWM) method is applied to modulate the SMA wire
temperature. Preliminary results show that the robot is
able to provide substantial force and torque to reliably
operate in a gelatin phantom. The robot creates no
significant image distortion and SNR reduction in a 3T
MRI scanner.



Stereotactic Systems for MRI-Guided Neurosurgeries 341

(b)

FIGURE 5. 3-DOF ablator driver module that provides 1-DOF insertion motion of the outer tube (as known as cannula) and the 2-

DOF ablator rotation and insertion motion.

US Ablator
Ablator
Manipulator

Head Frame
Adjustment Mgdule

Ablator
Track

.\ /

Lamb Brain

FIGURE 6. (Left) Experiment setup for ultrasound-based thermal ablation on an ex vivo lamb brain. (Right) MR image of a
representative ablator track in ex vivo lamb brain. 3D MR image volume showing the US ablator inserted inside an ex vivo lamb

brain.

Noteworthy feature of this robot is its dimension
and the SMA-based actuation method. Due to the
large diameter of each segment, the robot will in-
evitably cause more damage to the healthy tissue
compared to the-state-of-art minimally invasive
approaches. The hollow design in the robot design is
associated with several challenges in clinical scenarios,
including sterilization, direct physical contact between
SMA /electric wires and normal healthy brain tissue.

Also, the nonlinear, temperature depended and hys-
teresis characteristics of SMA makes it difficult to
achieve fast and accurate control response. The robot
is MR conditional within a 3T MRI scanner. In-
scanner motion test indicated that the robot was able
to operate safely without being affected by the strong
magnetic field. The impact of each individual link on
the medical image was validated by calculating the
SNR. The SNR reduction was about 20% due to the
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(a)

Bi-polar
electrocautery tips

FIGURE 7. SMA robot proposed by Ho et al.*® (a) Schematic diagram of the robot and body segment; (b) robot prototype

fabricated with brass.

presence of the robot, however, the SNR was still high
enough to identify the links in the MR images.
Potential reasons that contribute to the SNR reduction
include the eddy current generated due to the varying
gradient magnetic field and antenna effect caused by
the conductive wires.

Deep Brain Stimulation (DBS) Electrode Placement

Reversible neuro-modulation in the form of DBS,
normally using the chronically implanted electrodes, is
an established surgical treatment option to alleviate
symptoms of Parkinson’s disease, dystonia, essential
tremor and other neurological disorders when drug
therapy is unable to provide the effective treatment.’”
The clinical efficacy of DBS depends on the accurate
placement of DBS electrode, which has traditionally
relied on awake intraoperative microelectrode record-
ing (MER).>® The high resolution intraoperative MRI
could enhance the accuracy of electrode placement by
monitoring its position when patients cannot tolerate
awake surgery.®> In addition, it could also reduce the
total procedure time since MER is not necessary in
order to confirm the electrode position. In this section,
we will review two commercially available MR condi-
tional stereotactic frames for DBS electrode implan-
tation.

Nexframe

Nexframe® (Medtronic, Minneapolis, MN) is a
FDA-approved MR-conditional stereotactic aiming
system for DBS electrode implantation.* It consists of
a stereotactic image-guided system, micro-positioner
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with adjustable z-directional distance, anchoring de-
vice for lead stability and microelectrode recording
system (Fig. 8). This stereotactic aiming system can be
adjusted in the pitch and yaw direction to obtain the
desired orientation. To perform the MR-guided elec-
trode placement, general anesthesia and prepping are
performed in a room close to an interventional MR
scanner. The patient is then transported and placed in
the bore of MR scanner and kept immobilized
throughout the surgery. Following volumetric scan-
ning to identify the approximate target location and
plan the insertion trajectory, the incision is made and
burr holes are drilled using an MR conditional cranial
drill. Once the dura is open, the Nexframe is mounted
over the burr holes on the skull. The final orientation
of Nexframe is determined using intraoperative MRI
and manually adjusted the trajectory guiding
stem.%678¢ A ceramic stylet with plastic sheath is
manually advanced to the target position in a stepwise
motion under real-time MRI guidance. The ceramic
stylet is then removed and the electrode is inserted into
the sheath. After the electrode position is confirmed by
a final high-resolution MR scanning, the stylet is re-
tracted and electrode is anchored to the skull.*’

The Nexframe has a published mean targeting error
of 1.25 mm with a 95% confidence interval of 2.7 mm,
compared to the Leksell system’s mean error of
1.7 mm with a 95% confidence interval of 3.4 mm.*
With real-time MR-guidance, the Nexframe is able to
account for the error caused by brain shift, which
normally occurs when the dura is open. Patient study
indicates that the surgical outcomes of Nexframe based
approach are comparable to those with the traditional
surgical techniques.
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FIGURE 8. (a) stereotactic image guided system with adjustable z-stage®’; (b, c) alignment stems and electrodes on stereotactic

guiding frame.®®

ClearPoint

ClearPoint® (MRI Interventions, Irvine, CA) is
another commercially available system to provide
stereotactic guidance for DBS electrode implantation
under real-time MRI guidance. It received the FDA
approval in June 2010 and was applied in patient
procedure in August 2010.7%3-%% The ClearPoint sys-
tem consists of a head immobilization frame, a com-
puter workstation, an MR conditional navigation
monitor, and a SmartFrame® aiming device (Fig. 9).
MR conditional in-room navigation monitor allows
the surgeon to visualize the intraoperative image inside
the MR room. The SmartFrame® is a 4-DoF (pitch,
roll and X and Y translational DoFs),”' disposable,
burr-hole-mounted trajectory aiming frame that en-
ables electrode guidance and insertion during the DBS
electrode placement procedure. Pitch/roll (£ 33
and =+ 26° respectively) control the orientation of the
trajectory and X-Y linear DoF (&£ 2.5 mm) create
parallel trajectories. The dimension of SmartFrame® is
small enough such that two frames can be mounted on
the skull simultaneously to enable bilateral DBS elec-
trode placement procedures. The workflow is similar to
that of Nexframe®. One key difference is that the
aiming device could be adjusted remotely by the sur-
geon through a manual controller, thereby keeping the
patient inside the scanner throughout the procedure.
Cadaver experiments show that the ClearPoint® has a
radial targeting error of 0.2 £ 0.1 mm with the aver-
age procedure time of 88 £ 14 min; compared to the
Nexframe system (error: 0.6 £ 0.2 mm and procedure
time: 92 £ 12 min).”!

Noteworthy feature of the ClearPoint® is that it can
be used with existing diagnostic MRI suite and com-
patible with both 1.5T and 3T scanners in a hospital.

With real-time intraoperative MR image guidance and
remotely control capability, ClearPoint® achieves bet-
ter targeting accuracy compared to NexFrame sys-
tem.”® ClearPoint® system is also versatile and can be
used to place laser ablation probe, drug delivery ca-
theter and brain biopsy needle, which could potentially
reduce the training cost for the surgeon to master the
skill to control manipulate the ClearPoint® system.

neuroArm

neuroArm is a robotic system developed by a group
of researchers from University of Calgary in collabo-
ration with Macdonald Dettwiler and Associates
(MDA) in 2002 (Fig. 10). It is the first MR conditional
neurosurgical robot capable of performing the MR-
guided microsurgery. The first patient study with
neuroArm was performed by Dr. Sutherland in 2008°*
for tumor removal procedure.

neuroArm consists of two dexterous manipulators
and each consists of six manipulation DoF and one
tool actuation DoF.”"?* The manipulators are de-
signed to hold different surgical devices with a maxi-
mum payload of 750 g at 200 mm/s speed. The
manipulator is fabricated with non-ferromagnetic
materials (i.e. titanium, polyetheretherketone and
polyoxymethylene) and powered by ultrasonic actua-
tors (Nanomotion, Yokneam, Israel) to meet the MR
conditionality requirements. High resolution encoders
are assembled at each joint to provide the accurate
close loop control and force/torque sensor at the end
effectors provide the haptic feedback for a more
immersive and realistic surgical experience.® The
manipulators are mounted on a mobile base and con-
trolled remotely by a surgeon using two modified
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(b)

FIGURE 9. (a) 4-DOF SmartFrame® design®; (b) Hand controller connected to the SmartFrame® through semirigid rods.®"' This
design permits the surgeon to control the trajectory without moving the patient back and forth.

FIGURE 10. neuroArm on the top of extension table for stereotaxy inside the 1.5T MRI room.*® (a) neuroArm inside the MRI

scanner room; (b) The two dexterous manipulators of neuroArm.

Phantom Omni controllers with real-time image from
the surgical site.

Animal study in a rodent model show that the
overall performances (i.e. procedure time, blood loss
and vascular injury) of neuroArm is comparable to the
traditional surgical technique (18.5 £ 1.4 min vs.
17.9 + 2.4 min).”" However, the mean localization er-
ror of neuroArm is better than that of conventional
systems (4.35 £ 1.68 mm vs. 10.4 £ 2.79 mm). Noting
that an equal performance is found in cadaver studies
of implanting a nano-particle in head model with both
neuroArm and conventional technique.”!

Noteworthy features of the neuroArm system is its
improved motion precision and targeting accuracy.
Despite the expensive cost of the neuroArm platform
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and lack of high-fidelity haptic feedback, the
researchers in neuroArm group pioneered the devel-
opment of MRI-guided robotic neurosurgery. Noting
that the high healthcare cost can also be well justified
by the improved surgical outcome and procedure
safety, as claimed by Lepski er al.>’

ICH Robot

Recently, the researchers from Vanderbilt Univer-
sity developed a 3-DoF MR conditional robot for
intracerebral hemorrhage (ICH) aspiration.'> The ba-
sic components of the real-time MRI-guided robotic
system for ICH removal are shown in Fig. 11a. It
consists of a robot for actuating the concentric tubes,
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FIGURE 11. (a) Schematic diagram of MR conditional ICH robot integrated with an aiming device inside the MRI scanner; (b)
prototype of the MR conditional robot. Left bottom inset shows a close-up of a steerable needle inside a blood clot phantom (red

boundary).

combined with an aiming device to initially manipulate
the robot at desired orientation. In the envisioned
clinical workflow, the patient’s head is immobilized
with respect to the MR scanner and robot with a head
frame or clamp system. A safe entry path to the ICH is
specified by the neurosurgeon, then the robot is aligned
along the preferred path by the aiming device, and the
concentric tubes pass along the path and into the he-
matoma. Using the real-time MR image generated in
the region of interest around the needle tip, the
physician will be able to account for brain cavity mo-
tion during aspiration process and steer the needle to
safely aspirate the hematoma from within.

The MR conditional ICH robot system Fig. 11b
consists of a biocompatible actuation unit and uses a
mechanical design similar to that of Ref. 7, but dif-
ferent in that it is designed to be MR conditional. Each
of the actuators is a novel type of pneumatic Pelton
turbine motor, fabricated using a Stratasys Dimension
SST 3D printer and equipped with a custom-made
optical encoder enabling bi-directional encoding.'® The
robot is fabricated entirely with nonmagnetic materi-
als, e.g. plastic, acrylic, brass, and aluminum. The

image quality variation caused by the presence of the
robot are characterized inside a 3T Philips MRI room
by calculating the SNR under the Tl1-weighted fast
field echo (T1 W-FFE) and T2-weighted turbo spin
echo (T2w-TSE) imaging sequences. The results indi-
cate that the robot is MR conditional within the 3T
MRI environment with the maximum SNR reduction
of 3.2 and 4.9%, respectively.

Noteworthy features of the proposed MR condi-
tional ICH robot is that it has the tip targeting accu-
racy of 1.26 + 1.22 mm. The robot could accurately
reach the target position by integrating the real-time
MR image guidance. In vitro ICH evacuation experi-
ment was performed in the gelatin phantom and result
indicated that the proposed robot could efficiently
(11.3 ml phantom hematoma was aspirated in
approximately 9 min) and successfully aspirate the
phantom hematoma without causing damage to the
surrounding healthy region.® This robot is MR con-
ditional within the 3T MRI scanner. The MR condi-
tionality was characterized with the SNR under T1 W-
FFE and T2w-TSE imaging sequences with the maxi-
mum SNR reduction of 3.2 and 4.9%, respectively.
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MR Conditional Biopsy Robot

Ken Masamune et al., developed a 6 DoF MR
conditional needle insertion robot in 1995°' (see
Fig. 12). The robot consists of a 3 DoF XYZ stage for
target position localization, 2 DoF for orientation
control, and a translation DoF for needle feeding. The
authors used an isocentric mechanism concept in the
rotational latitude DoF design to obtain substantial
mechanical safety and design simplicity. Six ultrasonic
motors (Shinsei Kogyo, Tokyo, Japan) were used to
drive the robot and optical encoders were coupled to
each joint for close loop position control. The robot
has a dimension of 360 mm x 395 mm x 380 mm,
which can be fitted with an open scanner and state-of-
the-art close scanner. To operate safely inside the
scanner and avoid generating artifacts in MR images,
the robot was fabricated with MR conditional mate-
rials. The XYZ base, guiding rail and arc were fabri-
cated with polyethylene terephthalate; drive shaft was
made out of aluminum; needle insertion and latitude
rotation was achieved through rubber gear belts. The
screws and bearings were fabricated with polyether
ether ketone and ceramic, respectively. The robot was
controlled through a personal computer located in the
control room and connected to the robot via a 7 m
shielded cable for data communication.

Noteworthy features of this robot is its accuracy
performance. The robot accuracy performance was
evaluated in two aspects. Benchtop tests showed that
the positioning accuracy was in the order of 10 um for
all joints and backlash was in the order of 100 um ex-
cept the depth axis (2.4 mm). Needle targeting test in
watermelon was performed under a 0.5T MRI system
(MRH-500, Hitachi, Tokyo, Japan). The tip error was
within 3.3 mm (x = 1.4 mm, y = L.5 mm,
z = 2.6 mm respectively). The error was believed to be
caused by the low image resolution of the MRI scanner.

MR-conditionality tests indicated that no image artifact
was created in the region of interested when the power is
off. The robot was designed for biopsy purpose, but the
integration of the biopsy needle with the robot was not
covered in the manuscript. The robotic system is MR
conditional within a 0.5T Hitachi MRI scanner. No
artifacts were been produced due to the presence of the
robotic platform. The robot was able to function
accurately inside the scanner despite that no compre-
hensive MR conditionality results were reported.

MR Safe Needle Guidance Robot

Dan Stoianovici et al. developed a general MR safe
needle guidance robot that could be applied in neuro-
surgery application.***® The robotic setup consists of 5
DoFs. The robotic manipulator orients the needle-guide
with 2 DOFs around the fulcrum point using a novel
remote center of motion (RCM) mechanism. The 2
rotation DoFs have the operation range of [— 50, 30]°
and [— 40, 40]° respectively. The proposed RCM
mechanism provides the high structural stiffness by
using a vertically non-collinear joint arrangement and a
redundant parallelogram. The two rotational DoFs are
driven by the custom designed MR safe pneumatic
motor that are located in the actuation module. The
RCM sits on top of a passive arm with 3 DoFs which
provides the manual adjustment of RCM location. The
manual supporting arm is affixed to the sliding channels
on the MRI table, which provides an extra translation
DoF. The robot will be covered with a sterile bag during
the procedure and the only component that needs to be
sterilized is the needle-guide module. The robotic plat-
form is able to provide the guidance for needles or de-
vices with the diameter up to 10 mm by constructing the
corresponding bore. The robot is entirely built of non-
conductive, nonmetallic, and nonmagnetic materials,

FIGURE 12. The 5 DoF needle insertion robot and the range of motion of each DoF.5!
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FIGURE 13. Robot and skull (a) on the table and (b) inside the MRI scanner.*
TABLE 2. Comparative study of the MR conditional actuation methods.
Actuation method Advantages Disadvantages

Piezoelectric motor Accurate and precise
Long lifetime
Compact design
High bandwidth
Large power

Flexible installation

Force control capability

Hydraulic motor

Pneumatic motor
High power density

MR safe with plastic materials

MR conditionality issue
Expensive

Potential fluid leakage

System delay

Easy to be fabricated with 3D printer

Inexpensive

which include the plastics, rubber, composites, glass,
and high-alumina ceramic (Fig. 13).

This robot has been tested extensively in benchtop
and in-scanner conditions to validate its performance.
The joint space positioning tests indicate that the robot
has the accuracy of submillimeter in the two active
rotation joints. RCM mechanism is extremely accurate
with the average error of 0.136 mm. The robot end
effector targeting test in the in vitro settings indicate that
the robot has the average accuracy and precision of 1.71
and 0.51 mm respectively. Stiffness characterization
results show that the robot has the stiffness of 33.38 N/
mm axially and 25.53 N/mm laterally. The robot is MR
safe and generates minimal SNR change during the
image quality test. Surgical workflow of utilizing the
proposed robotic platform has been analyzed. The re-
sults indicate that the robot is able to hit 12 targets in
97 min. Noteworthy feature of this robotic platform is
that it could be used in multiple applications, such as
the neurosurgery** and bone biopsy.*>

ACTUATOR AND SENSOR OF MR
CONDITIONAL ROBOT

Actuating

The manual-controlled stereotactic aiming devices
described in ‘‘State-of-the-art Neurosurgical Stereo-
tactic Devices” section have been found to be accurate
in most of the clinical applications. However, it
requires lengthy training periods to attain the required
proficiency to manipulate the aiming device at the
desired position and orientation. Robot-assisted de-
vices have the tremendous potential to improve the
accuracy and safety during neurosurgeries. In this
section, we will review the actuator technologies that
can be used to fabricate MR conditional robot for
neurosurgery. The characteristics of each actuation
method are summarized in Table 2.

Piezoelectric motors, such as HR2-1-N-10 (Nanomo-
tion Inc., Yokneam, Israel) or USM-60N1(Shinsei Ko-
gyo Corp, Tokyo, Japan), have been widely used in MRI-
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guided robotic systems due to their accuracy, reliability
and self-locking capability.'”>***°3 The major limita-
tions of piezoelectric motors are high cost and, most
importantly, the need to disconnect the power during
image acquisition to prevent image distortion due to
magnetic fields caused by the electrical conductors.?**’
3T MRI conditionality results show that approximately
40-60% SNR reduction can be observed during the
motor power is on.*’ The SNR reduction can be as high as
80% without proper RF shielding.*® As a result, the
intraoperative imaging is normally carried out while the
robot is not operating, which could potentially affect the
efficiency of surgical workflow. Recent results show that
better image quality can be achieved with custom-de-
signed piezo actuator drivers and control method which
are not commercially available yet.?*3°

Alternatively, hydraulic actuations can be used for
driving MR conditional robots.>'*>%* The advantages
of hydraulic actuation are high flexibility and absence
of electro-magnetic components. The MR condition-
ality performance of hydraulic actuation purely de-
pends on the materials property since its working
principle is electro-magnetically decoupled from MR
scanner. The major limitation of hydraulic actuations
includes the potential liquid leakage issue due to the
nonmetallic materials used in constructing these actu-
ation systems.!

Pneumatic actuation is easy to fabricate and also
electromagnetically decoupled from MR scanner.
Compressed sterile air supplies are available in hospi-
tals. Pneumatic pistons and motors are two major
types of MR conditional pneumatic actuation meth-
ods.>>%” Pneumatic piston, fabricated using graphite
and glass, can provide accurate linear translational
motion but requires additional transmission mecha-
nism to achieve rotational motion. Pneumatic actua-
tors can be fabricated with MR safe plastic materials
(i.e. nylon and polyamide) through additive manufac-
turing. The first MR safe pneumatic actuator was
proposed by Stoianovici in 2007 and has been applied
in MR conditional robot design.®”*® Following his
pioneering work, a number of MR conditional actua-
tors have been proposed in the past ten
years,®!1:12:17:23.3435.76.78 pe of the major limitation
of pneumatic actuation is the system response delay
due to long air hose used to connect the air hose and
pneumatic motor (0.37 s with a 8 m air hose'®).

Sensing

The position and force feedback are required to
achieve the accurate task space position control and
haptic control. The MR conditional force sensors used
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in MRI-guided interventions have been reviewed in
our recent publication.”® In this paper, we focus on the
position sensing technique for MR conditional robot
control.

The robot joint space position sensing can be easily
achieved through commercially available optical linear
and rotatory encoders,”® which has the resolution of
0.0127 mm and 0.072° respectively. With accurate joint
space feedback, robot end effector position can be cal-
culated based on the forward kinematics. However, task
space position sensing is often required to compensate
tissue deformation, inaccurate kinematic modeling, and
robot deformation (i.e. flexible catheters/needles). Hata
et al. employed an optical tracker (Flash Point, Image-
Guided Technologies, Boulder, CO) on the needle-
guiding manipulator for MRI-guided ablation ther-
apy.’” End effector position can be calculated through
the homogencous transformation methods. The major
disadvantage of this approach is that it requires constant
visual contact between tracking camera and optical
markers. Another position tracking approach is the
gradient field sensing technique** (EndoScout,
RobinMedical Systems, Baltimore, MD), which applies
3 orthogonal pick-up coils to calculate position infor-
mation by measuring the gradient field strength. How-
ever, it is not reliable to track the metallic devices since
the gradient field linearity is distorted due to the pres-
ence of metallic objects.

Visualization of the end effector in MR images is a
direct approach to locate its position. There are three
fundamental methods of MRI-based tracking: (1)
passive tracking; (2) semi-active tracking; and (3) ac-
tive tracking. Passive tracking relies on the suscepti-
bility artifact of surgical devices inside the patient body
or the fiducial markers filled with gadolinium/dyspro-
sium close to the patient body. However, this approach
not only requires substantial scanning time to obtain
the MR images, but also induces errors in fiducial
marker segmentation. Both semi-active and active
tracking are performed by mounting a micro RF re-
ceiver coil on the surgical device. Different from semi-
active tracking coil which couples to the MR scanner
wirelessly, active tracking coil is connected to the
scanner through a coaxial cable. This design enables it
to be turned off when the coil is located in the region of
interested to obtain better target image quality.'®
Compared to the passive tracking approach, RF coil
could achieve sub-millimeter accuracy at approxi-
mately 40 Hz update rate.'>'*7>1% However, a
sophisticated tracking sequence needs to be imple-
mented in the MRI control console to process the
signals from RF coils. In addition, sterilization re-
mains challenging when the tracking coils are inte-
grated with minimally surgical devices.
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FUTURE PERSPECTIVES

This section presents the key challenges from the
authors’ perspective that need to be overcome for the
development of MR conditional neurosurgical robot.
It comprises the following four aspects: actuator, sen-
sor, image guidance and design method.

Actuator Technology

One of the main challenges in designing and con-
structing compact MR conditional robot is the actua-
tion unit. Precision and price are the two major
concerns in prototyping the MR conditional robots.
From the discussion in “Actuator and Sensor of MR
Conditional Robot™ section piezo actuator and pneu-
matic motors are the most common actuators, which
are also among the extremes in terms of actuation
precision and affordability characteristic. However,
actuating the piezo motor not only degrades the image
quality but also raises safety concerns due to magnetic
field induced heating. Pneumatic actuation, on the
other hand, provides an affordable and safe alternative
to prototype MR conditional robots in the initial
stages. But the reliability and lifecycle of pneumatic
motors need to be rigorously investigated, especially
for those are fabricated with plastic materials.

Sensor Technology

MR conditional position sensing techniques in the
robot task space remains an interesting and relevant
topic. From the authors’ perspective, sterilization and
integration with surgical device are the two main
challenges to advance MR conditional sensor design.
MRI active tracking coil demonstrates promising re-
sults among the existing tracking technologies due to
its small dimension, accurate tracking resolution and
high update rate. Recent study has validated the
position tracking performance of a brachytherapy
stylet integrated with a micro active tracking coil in the
animal study and human study.'* Further research
needs to be conducted on the integration of micro
tracking coils with neurosurgical devices (e.g., ablation
fiber, catheter, electrode, or micro tube efc.). Besides
the fast MR conditional position sensing, lack of
accurate force feedback is believed to be one of the
main barriers to improve the widespread adoption of
neurosurgical robots, particularly in the robot remote
control process. Fiber bragg grating (FBG) force
sensing technique has been integrated with MR con-
ditional surgical devices and shown promising
results.”’ Beyond this, other force sensing techniques
need to be studied given that they could meet the
requirements of miniaturization, sterilization, and MR

conditionality. For instance, force sensing technique
based on shape deflection and static modeling in con-
tinuum robot precludes the integration of additional
force sensor. Effective utilization of the limited sensor
feedback data is another active research topic. Anrea
et al. proposed the kinematics-based method for con-
tact force detection and contact location in the con-
tinuum medical robots.® Hence, there is strong reason
to encourage further studies in sensor feedback data
recording, processing, and ultimately integration with
robot control.

Image Guidance

MRI is increasingly used in the preoperative plan-
ning and postoperative evaluation of neurosurgical
procedures. Real-time intraoperative MR image pro-
vides valuable information during therapies, such as
medical device localization, temperature map visual-
ization, and ablation outcome monitoring. However,
the intraoperative images are normally obtained at low
resolution due to the limited scanning time during
surgery and the presence of additional medical
instruments. Kwok et al. proposed an iterative update
scheme by registering the high resolution preoperative
anatomical model with intraoperative image, which
could obtain intraoperative surgical image feedback
with improved visualization results.’*>* However, fast
registration of intraoperative images to the preopera-
tive anatomical model requires high performance
computing architecture and efficient registration algo-
rithms. By having an accurate intraoperative target
anatomic model, virtual fixtures can also be imple-
mented to constraint medical devices’” motion within
the predefined region to improve the surgical safety.

Design Methodologies

Current commercially available neurosurgical
stereotactic tools require straight linear trajectories.
However, human anatomical structures do not neces-
sarily follow straight lines. Furthermore, tissue defor-
mation and motion lead to significant challenges when
using these rigid tools on dynamic living tissue. Con-
centric tube robotics is an attractive and feasible
solution in neurosurgical robot end effector design to
address these limitations. Concentric tube manipula-
tors enable access to target sites while avoiding critical
function areas of the brain which is hard to reach using
rigid straight devices. Concentric tube based neuro-
surgical treatment has been successfully validated in
simulation and phantom studies.'® However, the inte-
gration of concentric tube robotics with the existing
surgical devices is challenging. For example, inserting a
laser ablation probe or biopsy needle into the con-
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centric tubes could significantly change the curved-
tube shape and stiffness, making them complex and
non-intuitive for accurate control. Precise fabrication
of a concentric tube robot according to patient-specific
requirements, for example tube mechanical property,
diameter, curvature and length curved portion, is an
active research topic.

An interesting phenomenon is that all the com-
mercialized neurosurgical stereotactic aiming devices
are passive mechanisms while the robotic prototypes
developed in the laboratory setting are partially or
fully active. Besides the neuroArm, no active devices
are being commercialized by major medical device
vendors. At present, surgeons are hesitant to try fully
active robots in neurosurgical applications. Potential
reasons are (1) robotic neurosurgery is not suitable for
all the patients; (2) lack of tactile feedback in terms of
tissue texture and density; (3) large physical dimen-
sions and therefore cumbersome to use in the MR
room; (4) difficulty in integration with existing surgical
workflow and protocols; (5) challenges in sterilization,
and (6) cost issues. Addressing these in the robot de-
sign process could potentially encourage the wide-
spread adoption of MR conditional robots in
neurosurgeries.

Robot Technology

A tele-operative robot that combines the benefits of
the surgeon’s experience and the motor’s accuracy is
becoming a promising tool to perform the neuro sur-
gical procedures. Performing the procedure teleopera-
tively could lead to improved treatment outcomes,
reduced recovery time, shorten hospital stay, reduced
invasiveness, and reduced the morbidity rates. Al-
though recent results indicate that there is a need for
haptic feedback in the tele-operative surgical robot,
there is still no consensus in terms of when force
sensing is necessary or beneficial in the specific surgical
scenarios. Lots of multidimensional haptic sensors
have been developed based on strain gauges, piezo-
electric effects, capacitive effects, and optical mea-
surements, while they are still unable to satisfy the
requirement in the neurosurgical field due to the large
dimension and difficulty to install at the robot end
effector. Another challenge is display device design for
haptic feedback. There are three types of haptic display
devices, including handhold pentype haptic display
devices, wearable haptic display devices, and desktop
haptic display devices. Noting that the transmission
reducers are not allowed to use in the electric motor
due to the backdrivability requirement. Therefore the
current haptic display devices are only able to provide
no more than 3N force to the human operator. To
overcome the disadvantage of the electrical motor,
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some researchers proposed the passive force feedback
method based on magnetorheological fluid, which
generates large passive force on the human hand.
There is an urgent need to design an effective method
to produce large and accurate haptic display for sur-
gical robot teleoperation.**”

CONCLUSIONS

MR conditional stereotactic devices for neuro-
surgery is a vibrant and growing research topic in the
field of medical robotics. In this paper, we present an
overview of the state-of-the-art stereotactic devices
that are being used for MRI-guided neurosurgery. This
paper details the review and comparative study of
existing MR conditional actuators and encoders.
Potential challenges and future directions in terms of
actuator, sensor, image guidance and robot design are
detailed in this paper.

The robotic stereotactic devices in neurosurgeries
provide precise, reliable, and dexterous manipulation
of surgical devices. Advanced robotic stereotactic sys-
tem design could enhance the patient’s safety and re-
duce pain and discomfort. MR conditional robotics
needs to incorporate new techniques to reduce its cost
and improve surgeon’s familiarity to gain wide accep-
tance. We expect the future of MR conditional
stereotactic robot to be bright.
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